The crystal structure of faustite, ZnAl 6 (PO 4 ) 4 (OH) 8 4H 2 O, was determined using single-crystal data (Mo-Ka X-radiation, CCD area detector, 1624 unique reflections, R1 = 4.91%, wR2 = 9.23%), and compared with results of a reinvestigation of the structure of its copper analogue turquoise, CuAl 6 (PO 4 ) 4 (OH) 8 4H 2 O (2737 unique reflections, R1 = 2.81%, wR2 = 6.90%). Both are isostructural and crystallize in space group P1, with a = 7.419 (2) (10)] A Ê 3 , and Z = 1. The structure consists of distorted MO 6 polyhedra (M = Zn, Cu), AlO 6 octahedra and PO 4 tetrahedra. By edge-and corner-sharing of these polyhedra a fairly dense three-dimensional framework is formed which is further strengthened by a system of hydrogen bonds. The metal atoms in the unique MO 6 (M = Zn or Cu) polyhedron show a distorted [2+2+2]-coordination, the distortion being more pronounced in turquoise. About 10% of the M site is vacant in both minerals. In turquoise, a previously undetected structural site with a very low occupancy of (possibly) Cu is present at the position (Ý,0,Ý).
Introduction
FAUSTITE, ZnAl 6 (PO 4 ) 4 (OH) 8 4H 2 O (Erd et al., 1953) , is the rare Zn analogue of turquoise, CuAl 6 (PO 4 ) 4 (OH) 8 4H 2 O, with which it forms a solid solution series. Both belong to the turquoise group which also includes the members chalcosiderite, CuFe Foord and Taggart, 1998 for further details). The crystal structure of faustite has not been veri ed or re ned to date, although it was assumed to be isostructural with turquoise, which had been determined to be triclinic, with space group P1 (Cid-Dresdner, 1965 ; R = 7%).
Recently, the rst occurrence of single, welldeveloped crystals of faustite has been reported from the Iron Monarch iron ore deposit in South Australia (Pring et al., 2000) . The pale brownish rose to colourless, platy or prismatic faustite crystals (up to 0.1 mm) are accompanied by h a u s m a n n i t e a n d k l e e m a n i t e , ZnAl 2 (PO 4 ) 2 (OH) 2 3H 2 O. Chemical analyses have demonstrated (Pring et al., 2000) that the faustite contains little or no copper and only very small quantities of iron (probably Fe 3+ substituting for Al; see Foord and Taggart, 1998) . The present article reports the re nement of the crystal structure of one of these faustite crystals. For comparison purposes, we also reinvestigated the crystal structure of turquoise because the earlier structure determination (Cid-Dresdner, 1965) reported unusually large ranges for the Al O and P O bond lengths.
Experimental
A very small chip cut from a colourless single crystal of faustite was selected for the structure analysis. The crystal chip with the approximate Mineralogical Magazine, October 2000, Vol. 64(5), pp. 905-913 # 2000 The Mineralogical Society * E-mail: uwe.kolitsch@univie.ac.at dimensions 0.1060.0560.03 mm was mounted on a Nonius KappaCCD diffractometer equipped with a 300 mm diameter capillary-optics collimator for improved resolution. Preliminary investigations gave a triclinic unit cell very similar to that reported for turquoise (CidDresdner, 1965) . For the intensity data collection at room temperature, we employed Mo-Ka X-radiation (l = 0.71073 A Ê ) and a detector distance of 28 mm. Using j and o as rotation axes (rotation width 28), 382 data frames were aquired, each collected over 365 s (see Table 1 for further details). The data were processed using the Nonius program suite DENZO-SMN and corrected for Lorentz, polarization and background effects. Because of the small absorption coef cient, m = 2.12 mm 1 , and the small size of the crystal chip used, no absorption correction was applied.
A pale bluish crystal of turquoise with the approximate dimensions 0.1260.0860.05 mm was chosen for the reinvestigation of the turquoise structure. The crystal was taken from a specimen showing well-developed, pseudorhombohedral crystals, also from Iron Monarch, South Australia. Semiquantitative energy-dispersive chemical analyses of three different turquoise crystals showed them to contain only traces of Zn, K or Ca as impurity elements. The selected turquoise crystal was measured under very similar conditions (see above and Table 1) . A triclinic unit cell was found which was very similar to that reported by Cid-Dresdner (1965) . Again, no absorption correction was applied. Normalized structure factor statistics indicated the centrosymmetric space group P1 for both faustite and turquoise crystals, in agreement with the observed crystal habits. 
The positions of the metal and oxygen atoms in faustite were located using direct methods (SHELXS-97, Sheldrick, 1997a) and subsequent Fourier and difference Fourier syntheses. The deduced structure model is basically that of turquoise (Cid-Dresdner, 1965) . Further difference Fourier syntheses revealed all 8 H atoms present in the unit cell. The positions of the H atoms given here are those which are in fact bonded to the respective O atoms, and not the symmetry-equivalent positions as listed in CidDresdner (1965) . Full-matrix least-squares re nement on F 2 (SHELXL-97, Sheldrick, 1997b) , involving anisotropic displacement parameters for all non-H atoms, gave a discrepancy factor R1 of 6%. At this stage, residuals of the electron density were in the range of +1 e/A Ê 3 . The re nement of turquoise proceeded in the same way, with R1 & 3.5% in the later stages of the re nement and electron density residuals <+1.2 e/A Ê 3 .
The approximate Zn:Cu ratio in the faustite crystal chip measured was then determined after the data collection by semiquantitative energydispersive X-ray analysis, giving a value of~10:1. Additional point analyses of one small cluster of faustite crystals showed that the Zn:Cu ratio can be fairly variable (probably even within a single crystal), ranging from~12:1 to~3:1. Very minor Fe was detected in both the measured crystal and the crystal cluster.
It is known that both turquoise and faustite form a complete solid solution series with planerite, &Al 6 (PO 4 ) 2 (PO 3 OH) 2 (OH) 8 4H 2 O (i.e. a member of the turquoise group with dominant vacancies on the transition metal site), and that cuprian planerite is in fact more common than turquoise (Foord and Taggart, 1988) . Accordingly, we re ned the occupancy of the M (M = Zn, Cu) site in faustite and turquoise, neglecting the very minor Cu-for-Zn substitution in faustite. The occupancy factors obtained were 0.927(5) and 0.874(2) for faustite and turquoise, respectively, indicating that the M site contains 7 and 13% vacancies. If the M site was constrained to be fully occupied, the R factors increased considerably. During the last re nement stage for turquoise, the difference Fourier map showed a distinct peak at the position (Ý,0,Ý). Considering the site coordination and bond lengths, a minor amount of Cu was preliminarily assigned to this position and U eq was xed at 0.02. Re nement of the occupancy factor gave a very low value, 0.0193(12). This site is discussed further below.
The nal re nement cycle for faustite led to R1 = 4.91%, wR2 = 9.23%. Final R factors for turquoise were R1 = 2.81%, wR2 = 6.90%. Residual electron densities in both crystals were <+1 e/A Ê 3 . The nal positional and displacement parameters are presented in Tables 2 and 3 , and selected bond lengths and angles in Table 4 . Probable hydrogen bonds are listed in Table 5 . Results of empirical bond-valence calculations (Brown and Altermatt, 1985; Brese and O'Keeffe, 1991; Brown, 1996) are given in Table 6 . Lists of observed and calculated structure factors (Table 7) have been deposited with the Editor.
Discussion

Structure connectivity and cation coordinations
The structure contains distorted MO 6 polyhedra (M = Zn, Cu), AlO 6 octahedra and PO 4 tetrahedra. Giuseppetti et al., 1989) . The bond distances in turquoise are in accordance (5) with the bimodal distribution of Cu O distances (maxima at 1.97 and 2.44 A Ê ) observed for JahnTeller-distorted Cu 2+ O polyhedra in copper oxysalt minerals (Eby and Hawthorne, 1993) . The atomic environment of Cu in turquoise is in accordance with published electron paramagnetic resonance and optical absorption spectra (Sharma et al., 1988) . Bond-valence sums for Zn and Cu are very close to ideal values (Table 6 ).
The partially occupied site in turquoise at (Ý,0,Ý), on which a very minor amount of Cu was assumed to be located, has bond distances to nearest oxygens compatible with a [2+2+2]-coordination of Cu, 2x 1.89, 2x 2.25, 2x 2.29 A Ê . The environment of this site is also very similar to that of the M site (Fig. 2) . However, trace impurity cations such as Na or Ca, or water molecules could occupy the site, if one considers the possibility of positional disorder of these cations. No residual electron density was observed for faustite. Occupancy of the additional site in turquoise may be correlated with the lower partial occupancy of the principal Cu site at (0,0,0). According to Foord and Taggart (1988) , (6) 1.954(4) 1.9710(15) P (2) O (1) 1.531(4) 1.5280 (14) Ow (4) 2.121(4) 2.0492(17) O (7) 1.531(3) 1.5291 (14) <Al (2) (10) 2.995(6) 2.952(2) Ow(4) H(2)_O (3) 3.005(6) 2.961(2) H(2)_O (8) 3.023(5) 3.020(2) Ow(10) H(3)_O (13) 2.716(5) 2.702(2) Ow(10) H(4)_O (12) 2.814(6) 2.806(2) H(4)_O (3) 3.015(5) 2.983(2) Oh(5) H(5)_O (1) 2.865(6) 2.855(2) H(5)_O (2) 2.990(5) 3.001(2) Oh(6) H(6)_O (14) 2.724(6) 2.685(2) Oh(9) H(7)_O (3) 2.707(5) 2.720(2) H(7)_O (11) 3.029(5) 3.020(2) Oh(12) H(8)_O (7) 2.875 ( an increase in the number of vacancies occurs along the solid solution series planerite (&Al 6 (PO 4 ) 2 (PO 3 OH) 2 (OH) 8 4H 2 O) turquoise (CuAl 6 (PO 4 ) 4 (OH) 8 4H 2 O) causes an increase of the protonation of the PO 4 tetrahedra of the structure. Our results suggest that the necessary charge balance might also be achieved by introducing either additional Cu 2+ or other cations in the partially occupied site at (Ý,0,Ý).
The AlO 6 octahedra and PO 4 tetrahedra in both faustite and turquoise are somewhat distorted. The relatively large range of Al O and P O bond lengths reported for turquoise by Cid-Dresdner (1965) (<P O> 1.54 A Ê , range 1.52 1.56 A Ê ; <Al O> 1.92 A Ê , range 1.81 2.16 A Ê ) was only partially con rmed; the ranges found in the present study are slightly smaller (Table 4) , and the PO 4 tetrahedra are clearly more regular (<P O> 1.532 A Ê , range 1.521 1.541 A Ê ). Very similar ranges are present in faustite (<P O> 1. 532 A Ê , range 1. 516 1. 541 A Ê ; < Al O> 1.904 A Ê , range 1.814 2.121 A Ê ). The PO 4 tetrahedra in chalcosiderite are comparable (<P O> 1.536 A Ê , range 1.526 1.547 A Ê ; Giuseppetti et al., 1989) .
The average Al(3) O bond distance in faustite, 1.913 A Ê , is slightly larger than those of Al(1) O and Al(2) O (1.896 and 1.904 A Ê , respectively), but the distances are still identical within standard uncertainties. The Al(3)O 6 octahedron is clearly more regular than the Al(1)O 6 and Al(2)O 6 octahedra, and its shortest Al(3) O bond, 1.887(4) A Ê , is considerably longer than those in the other two octahedra, 1. 817(4) and 1. 814(4) A Ê . Although t his suggested the presence of very minor Fe on the Al(3) site, an occupancy factor re nement and the calculated bond-valence sums (Table 6) provided no convincing evidence for this. Nonetheless, in the nal Fourier difference maps, residual electron density was only found close to Al(3) but not Al(1) or Al(2). The Al(3)O 6 octahedron in turquoise has a similar geometry (Table 4) Giuseppetti et al. (1989) found evidence that Fe prefers the most regular (Fe,Al)O 6 octahedron, i.e. that octahedron which corresponds to Al(3)O 6 in faustite [note that Fe(1), Fe(2A) and Fe(2B) of Giuseppetti et al. (1989) correspond to Al(3), Al(1) and Al(2) in the present work].
Hydrogen bonding
Probable hydrogen bonds, listed in Table 5 , show reasonable bond distances and angles which are similar for both faustite and turquoise. The hydrogen bonds are medium strong to very weak, with O O distances between 2.70 and 3.03 A Ê . The observed O H_O angles accord with the geometry of hydrogen bonds with variable strengths, although the unconstrained re nement of the H atom positions leads to increased uncertainties for these angles. Some of the bonds may be bifurcated (see Table 5 ) and the hydrogen bonding system appears to be exible to some extent. The calculated bond-valence sums for the O, Oh and Ow atoms indicate a 'mixed' ligand character for some of them (Table 6 ). The isotropic displacement parameters of the H atoms do, however, not suggest any pronounced disorder of the H positions. The partially occupied site in turquoise at (Ý,0,Ý) may be the acceptor of H bonds donated by the H(4) and H(8) atoms, if one assumes that the site is occupied by water molecules.
